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wherein M is a trivalent rare earth element other than 
Ce. A is a monovalent alkali metal or a bivalent alkaline 
earth metal, and a, x and y are 0<a<0.6, 0.2<x<0.5 and 
0<y<0.55, respectively. 
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Description 



80 (1988) « , T Inoue. T. Seloguchi, K. Eguchi and H. 7£SS^^t?T^SS^ ' ° ?7 " 

and the conductivrty tends to deer ease bv ~f vacancies, a C type rare earth compound tends to form, 
the oxygen loSSiS2£ " ^ ° f ^ 3 COmpOUnd ' iX has been ** to improve 

ever ». - JL, w tS5SL .'5SSSS3 

This object has been achieved by the surprising findings- 

and the quantity of oxygen vacancies, if a laige quantity of oxvaen vacancies have t*J*ZZ!7 ~JtT compound 

That ,s. the presem invention provides a defective fluorite st^ 

{(Mi-aA^xCe!.,^^ (1) 

a defective fluorite structure type solid electrolyte of the following formula (2): 

{(MaAJxCeLjO^.y 

a defecUve fluorite structure type solid electrolyte of the following formula (3): 
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{(M„A a ) x (CepB b ) 1 . x }0 2 . y ( 4 ) 

wherein M is a trivalent rare earth element other than Ce, each of A and B is a monovalent alkali metal °r a bivalent 
alkaline earth metal, provided that A*B. and a. a, x, p. b and y are 0.4<a<1 , 0<a<0.1 . 0.1 <x<0.4. 0.6<p<:1 , 0<b<0. 1 and 
5 0<y<0.41 , respectively. . , , ... . 

In the accompanying drawing. Figure 1 shows the relation between the oxygen partial pressure and the quantity of 

oxygen vacancies as observed with a ceria type oxide. 

Now the present invention will be described in detail with reference to the preferred embodiments. 
The CeO z type solid electrolyte of the present invention is a defective f luorite structure type solid electrolyte repre- 
10 sented by any one of the above formulas (1 ) to (4). 
In the following formula (1): 

{(Ml-aAJxCeLxJOz.y 0) 

M is a trivalent rare earth element other than Ce and is not particularly limited. Among these rare earth elements, an 
element having an ionic radius within a range of from 97 to 120 pm in eightfold coordination is preferred. In the case of 
an element having an ionic radius of less than 97 pm in eightfold coordination, since this 97 pm .s the ionic radius of 
Ce 4 * in eightfold coordination, the crystal lattice shrinks so much that the ionic conduction will be hindered. On the other 
hand in the case of an element having an ionic radius exceeding 120 pm. the ionic radius differs substantially from *© 
ionic radius of Ce 4 * in eightfold coordination, whereby the crystal lattice deforms so much that ionic conduction will be 

hl ^Sp^mrexlm^e?of M include Lu(97). Yb(98). Tm(99). Er(100). Y(101.5). Ho(102). Dy(103). Gd(106) Eu(107). 
Sm(109) and Nd(112). The numerals in the parenthesis indicate ionic radii in eightfold coordination. 
In the above formula (1). A is a monovalent alkali metal or a bivalent alkaline earth metal. 
In the above formula (1). a value of a is 0<a<0.6. If the value of a is 0. the quantity of oxygen vacancies w.ll be small, 
whereby no adequately high oxygen ionic conduction may be obtained. On the other hand, if the value of a is 0.6 or 
higher the monovalent or bivalent element may not be solid-solubilized at Ce sites, tends to precipitate at gram bound- 
aries and is likely to react with a glass phase contained in a small amount in the starting material to increase electnc 
resistance at the grain boundaries, whereby the overall oxygen ionic conductivity of the electrolyte can be lowered, such 

being^nomeferred.^ ^ ^ ^ ^ ^ ^ 0 .2<x<0.5. If the value of x is 0.2 or less, the quantity of active oxygen 
vacancies tends to be inadequate, and no adequately high oxygen ionic conduction may be obtained. On the other 
hand if the value of x is 0.5 or higher, the quantity of oxygen vacancies increases, but the amount of M 2 0 3 solid-soiu- 
bilized in CeO, increases, whereby the lattice will shrink, which negates the effect of expanding the lattice by solid sol- 
as ubilization of the monovalent or bivalent element. Consequently, the pathway for mobile ions present in a large amount 
will be narrowed, and the ionic conductivity may be lowered, such being not preferred. 

In the above formula (1), the value of y is determined so as to balance the values of the positive and negative 
charges when the values for the above a and x are determined. Usually, the value is 0<y<0.55. . , 

In the case of 0<a<0.1 in the above formula (1). A/M representing the quantitative relation between M and A is not 
40 limited to a/(l-a), and A/M may be a/a and 0.4<ck1 . 

Namely, in the following formula (2) : 

{(MaAaJxCeLxlOa.y (2) 

45 M is a trivalent rare earth element other than Ce and is not particularly limited. Among these rare earth elements, an 
element having an ionic radius within a range of from 97 to 120 pm in eightfold cooidination. is preferred. In the case of 
an element having an ionic radius of less than 97 pm in eightfold coordination, since such 97 pm is the ionic radius of 
Ce 4 * in eightfold cooidination, the crystal lattice shrinks so much that the ionic conduction may be hindered. On the 
other hand in the case of an element having an ionic radius of more than 120 pm the ionic radius differs substantially 
from the ionic radius of Ce 4 * in eightfold coordination, whereby the crystal lattice deforms so much that the ionic con- 
duction may be hindered also in this case. ,,„„,.. r- 

Specific examples of M include Lu(97). Yb(98). Tm(99), Er(100). Y(101.5). Ho(102). Dy(103). Gd(106) Eu(107). 
Sm(109) and Nd(1 12). The numerals in the parenthesis indicate ionic radii in eightfold coordination. 
In the above formula (2). A is a monovalent alkali metal or a bivalent alkaline earth metal. 
In the above formula (2). the value of a is 0<a<0.1 . and the value of a is 0.4«x<1. It is believed that when the amount 
of solid-solubilized a is small, it is possible to form afluorite structure even H the A/M ratio becomes relatively wide, and 
it is possible to improve the ionic conductivity by effectively utilizing a very small quantity of oxygen vacancies. 

In the above formula (2). the value of x is 0.2<x<0.5. If the value of x is 0.2 or less, the quantity of active oxygen 
vacancies tends to be inadequate, whereby no adequately high oxygen ionic conduction may be obtained. On the other 
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isoiT 26 ^ vefo ™ M2) '*^^ 

Now. in the following formula (3): 

{(^-aAaMCevbEy^O^ (3) 

may be hindered also in tnT^sT ^ 06 ^ b ° deformed 80 much ««* ««• Auction 

the monovalent or bivalent element may not SS!S?S£2h!^ at ^^^^^ Sor^er, 

be lowered, such oeing not^SeT ' OXy96n '° n,C «"*«*»* * the electrolyte may 

In the above formula (3). the value of x is 0.1<x<0.4. If the value of x is 0 1 or lower the auantitu nf a ^ „ 
vacancies tends to be inadequate, and no adequately high oxvoen ionic Lnri,?^iSf 1 1 Q ^ 1 ? Ve 0xygen 

Namely, in the following formula (4): 

«MaA a ) x {CepB b ) 1 . ) J02. y (4) 
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In the above formula (4). values of a, a, p and b are 0.4«x<1, 0<a<0.1. 0.6<p<1 and 0<b<0.1, respectively. It is 
believed that in a case where the amount of solid-solubilized A and/or B is small, it is possible to form a f luorrte structure 
even if the A/M ratio and the B/Ce ratio become relatively wide, and it is possible to improve the ionic conductivity by 
effectively utilizing a very small quantity of oxygen vacancies. 

In the above formula (4), the value of x is 0.1<x<0.4. If the value of x is 0.1 or less, the quantity of active oxygen 
vacancies tends to be inadequate, and no adequately high oxygen ionic conductivity may be obtained. On the other 
hand if the value of x is 0.4 or higher, the quantity of oxygen vacancies increases, but amount of Y 2 0 3 solid-solubilized 
in Cebo increases, whereby the lattice may shrink, which negates the effect of expanding the lattice by solid solubiliza- 
tion of the monovalent or bivalent element. Consequently, the pathway for mobile ions present in a large amount may 
be narrowed, whereby the ionic conductivity may be substantially lowered, such being undesirable. 

In the above formula (4), the value of y determined from the balance of the positive and negative charges, is 
0<y<0.41 . 

By selecting one of the compositions of the above formulas (1 ) to (4). it is possible to prepare a high ionic conductor 
composed or a fluorite single phase. 

The method for preparing the solid electrolyte of the invention is not particularly limited. For example, it may be pre- 
pared by a method wherein oxides are used as the starting material powders, and they are mixed by dry and wet mixing, 
followed by calcining, or a method wherein an aqueous solution of an inorganic salt is used as the starting material, 
oxalic acid or the like is used as a precipitating agent to obtain a precipitate as a carbonate, and the precipitate is col- 
lected by filtration, dried and then calcined, or a method wherein an alkoxide method using an alkoxide solution as the 
starting material, is employed to conduct liquid phase mixing, followed by hydrolysis to prepare a precipitate, and the 
precipitate is collected by filtration, dried and then calcined. 

The mechanism for the effect of the present invention has not yet been fully understood. However, it is believed that 
in a case where a trivalent rare earth element is simply solid-solubilized in CeCfe. if oxygen vacancies are increased, a 
C type rare earth compound will be formed, and the conductivity will be lowered, but by substituting and solid-solubilizing 
a monovalent or bivalent element partly at the trivalent rare earth element sites, the quantity of oxygen vacancies can 
be increased without permitting a C type rare earth compound to form, and the oxygen ionic conductivity will be 
improved by the effects of increasing the bottleneck diameter due to an increase of the volume of the lattice. ■ 

Further the reason for overcoming the drawback of the conventional ceria type solid electrolyte such that Ce in 
Ce0 2 is readily reduced to Ce 3+ in a strongly reducing atmosphere, can be explained from the relation between the 
so unstability of the ceria type oxide and the quantity of oxygen vacancies. 

The relation between the oxygen partial pressure and the quantity of oxygen vacancies as observed in the cena 
type oxide is schematically shown in Figure 1 . As shown in Figure 1 . if the oxygen partial pressure decreases. i.e. to a 
reduced state, the quantity of oxygen vacancies in the ceria type oxide tends to increase, such oxygen vacancies have 
a positive charge and accordingly, to compensate the increase of such oxygen vacancies to maintain the electrical neu- 
35 trality of the ceria type compound itself, the valency is reduced from Ce 4 * to Ce 3 *. This is believed to be the reason for 
the susceptivity to reduction of Ce 4 * in Ce0 2 to Ce 3 *. Here, an attention is drawn to point A in Figure 1 With the material 
having oxygen vacancies in a quantity shown at point A. if the oxygen partial pressure value of a is lowered, further 
oxygen vacancies will be generated, and at the same time, the valency of Ce partially decreases. Accordingly, by pre- 
liminarily introducing a large amount of oxygen vacancies to point B in Figure 1 . there will be no necessity to lower the 
40 valency of Ce to a tower oxygen partial pressure (point b). and high ionic conductivity is maintained even under a reduc- 
ing atmosphere, and it is possible to exhibit an excellent power density when such a material is used as a cell material 
for a fuel cell. 

As described in the foregoing, the present invention relates to a fluorite structure type ceria type solid electrolyte 
having a large quantity of oxygen vacancies, and it is possible to obtain a novel solid electrolyte utilizing the function of 
45 such oxygen vacancies. 

Now. the present invention will be described in further detail with reference to Examples. However, it should be 
underetood that the present invention is by no means restricted by such specific Examples. 
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EXAMPLES 1 TO 16 

In order to obtain blends corresponding to the following 16 kinds of chemical formulas, yttrium oxide powder (man- 
ufactured by Shin-Etsu Chemical Co , Ltd.). yttrium oxide (manufactured by Kishida Chemical Co.. Ltd.), samarium 
oxide (manufactured by Kishida Chemical Co.. Ltd.). gadolinium oxide (manufactured by Kishida Chemical Co.. Ltd.), 
cesium carbonate powder (manufactured by Kishida Chemical Co.. Ltd.). sodium carbonate (manufactured by Kishida 
Chemical Co.. Ltd.), strontium carbonate (manufactured by Kishida Chemical Co., Ltd.). cerium oxide powder (manu- 
factured by Mitsuwa Chemical Co., Ltd.) and litium oxide powder (manufactured by Kishida Chemical Co., Ltd.) were 
mixed in ethanol by a ball mill, and the blends were calcined at 1 000'C for one hour in air. The powders thereby obtained 
were formed into pellets by cold isostatic press under ca. 200 MPa. The obtained samples were sintered at 1500°C for 
4 hours in air to obtain sintered bodies of cubic system fluorite single phase. 
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Example 1 : {(Yo.sNa^^Ce^K), 6 

Example 2: {(Y 0 s CsoJ Q 3 Ce 0 7)0, 7 

Example 3: {(Y 0 . 5 Cs 0 . 5 ) 03 (Ce 067 U 0 33)0 7)0, 35 

Example 4: {(Yo. 5 Cso.5)o.2(Ce<,.6 7 ljo.33)o sJO, 4 
5 Example 5: {(Yo.5Sr 0 5 ) 0 . 4 Ceo eJO, 7 

Example 6: {(Y 0 . 4 Nao. 6 ) 04 Ce 0 6 }0, ss 

Example 7: {(Yo^Nao.efo .3(Ceo.6 7 Lio.33)o 7)0, 38 

Example 8: {(Yb 0 5 Cs 0 .5)o 4&0 eJO, 6 

Example 9: {(Gdo. 5 Cso s) 0 4 Ceo 6,0, 6 
10 Example 10: {(SmasCso^CeosJO^ 

Example 1 1 : {(Gdo. 5 Cso.s)o.3(Ce 0 .67ljo.33)o 7 }0 1 35 

Example 12: {(Sm a5 Cs 0 .5)o.3(Ceo.67Lio.33)o ?K>i 35 

Example 13: {(Sm 0 . 5 Cso.o9)o.3(Ceo. 67 Lo oah 7)0, 20 

Example 14: {(Smo.sCsooOo^Ceo^Ljo.oifo.rJO, 66 
15 Example 15: {(Srno.sC Wo.4Ceo eJO, 52 

Example 16: {(Sm 0 . 5 Cso. 01 )o. 4 Ceo. 6 }0 1 . 50 

of the .S^nSEE^ ! " ^-^^^^^^^-^*-mt-l^ 
at lOOO^w^u^ SSS?^ b °fr " atinUm eleCtr0deS were and *e coated electrodes were calcined 

^^^^ 
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Ionic conductivity: loga=log{Zcos9/(l • S "^J 



where a is the, conductivity (ionic conductivity is shown as a logarithm of this value). Z is the impedance e is the 
delay angle. I ,s the thickness of the pellet, and S is the platinum electrode area on the pellet ,mpedance - 6 • 
ma Z Ur ^l: m ° rd ,^l° eVa ' Uate the reduCtion in a hi9h| y reduci "9 atmosphere, the oxygen ion transport number was 



ti=Em/Et 



« Em 'I ^ ele< r tromotive force measured, and Et is the theoretical electromotive force 
35 Further, the theoretical electromotive force is calculated by the following formula. 

Et=(RT/4F)ln(P" 02 /Pb2) 

where T is the absolute temperature, R is the gas constant F is the Faradav constat* p- d- «. 
« partial pressures at both poles of the concentration cell, re^ectlely ° 2 02 "* *" 0Xy9e " 

The ion transport number at 950'C was measured under the two environmental conditions i e a case where one 
pole of the concentration cell is oxygen, and the other pole is air, i.e. 

logfP-oa/P'oe)--"" 
and a case where one pole is oxygen and the other pole is hydrogen, i.e. 

,0 9( p "o2/P'o2)=-21. 

***** 3 va,ue 01 °f? s1 • •» ^'"e is to 1 . the electron conductivity becomes smaller In each atmos- 
phere, the one hav,ng a high ion transport number, is excellent in the reducing resistance. 
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In Table 1 , the conductivity and the oxygen ion transport number at 950°C are 



Table 1 



c 
O 




Conductivity (S-cnV 1 ) 


Transport number log(P"o2/ p 'o2) 








-1 


-21 




Exarnole 1 


-0.1 


0.95 


0.91 






-0.3 


1.00 


0.90 


10 


Exarnol© 3 


-0.1 


0.98 


0.88 




Fxamnle 4 


-0.2 


0.99 


0.82 




Examote 5 


-0.2 


0.96 


0.75 


15 


Fxamnle 6 


-0.1 


0.97 


0.76 I 






-0.1 


1.00 


0.79 






-0.1 


0.99 


0.79 


20 


Examole 9 


-0.1 


1.00 


0.80 


Exarnole 10 


-0.1 


1.00 


0.85 




Fxamole 1 1 


-0.1 


0.99 


0.82 




Exarnole 12 


-0.1 


1.00 


0.86 


25 




-0.1 


1.00 


0.78 




f^Yamnle 14 


-0.1 


1.00 


0.76 




Pxamole 15 


-0.1 


1.00 


0.75 




Example 16 


-0.2 


1.00 


0.74 


30 


Comparative Example 1 


-1.2 


0.95 


0.35 




Comparative Example 2 


-0.8 


0.97 


0.42 




Comparative Example 3 


-2.4 


0.42 


0.21 


35 


Comparative Example 4 


-1.8 


0.95 


0.61 




Comparative Example 5 


-2.6 


0.40 


0.20 




Comparative Example 6 


-2.4 


0.51 


0.22 


40 


Comparative Example 7 


-1.9 


0.97 


0.58 
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In the power generation test, wherein the sample was used as the cell material for a fuel ceMjacermet of Ni and 
Zr0 2 was used for the fuel pole anode, and (LaSrJMnQj was used for the air pole cathode The electrode <tamrier«« 
1 5 mm. and the thickness of the solid electrolyte was 500 urn. While supplying oxygeni to the , ^J*«g*£ 
moistened hydrogen gas to the fuel pole side anode, the power densrty was measured at 1 ,000'C and 800 C. where 
upon the maximum power densities were obtained. 
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In Table 2, the maximum power densities at 100O*C and 800*C are shown. 
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Table 2 




j Maximum power density (W/cm 2 ) | 




oUU o 


1000°C I 


Example 1 — 


I n c i 
U.OI 


1.20 


Example 2 


I fi AC 

U.40 


0.90 


Example 3 


I f\ *zr\ 
| U.OU 


1.00 


Example 4 


1 0.47 


0.91 


Example 5. 


1 f\ AT 

1 0.47 


0.90 


Example 6 


1 U.OU 


0.89 


Example 7 


0.51 


0.91 


Example 8 




0.91 


Example 9 


0.50 


0.92 


Example 10 


O.Ol 


1.02 


Example 1 1 


U.oi 


1.00 


Example 12 


0.50 


1.04 


Example 13 


0.49 


0.87 


Example 14 I 


0.49 


0.85 


Example 15 


0.49 


n qa I 


Example 16 


0.47 


0.81 


Comparative Example 1 


0.009 


0.04 j 


Comparative Example 2 


0.01 


0.07 


Comparative Example 3 


<0.001 


<0.001 


Comparative Example 4 


<0.001 


0.008 


Comparative Example 5 


<0.001 


<0.001 


Comparative Example 6 


<0.001 


<0.001 


Comparative Example 7 

In ToKIrt »» _j\ r\r\ ■* n : ■- 


<0.001 


0.08 



-r^"»" wwiw/ waoicw 

of the power densrty by the power generation test apparatus. 
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COMPARATIVE EXAMPLES 1 TO 7 

mil, in the same manner as in ESi^KeS T^lZlT" '" * 3 M 

thereby obtained were formed into pellets by cold isos tatfc press^ef^ VoS MfS ^££121." *" 
tered at 1 ,500'C for 4 hours in air to obtain test samples. obta,ned sarn t> 1 ^ were sin- 

Comparative Example 1 : (Y 0 3 Ceo 7 )0, 85 
Comparative Example 2: (Smo 3 Ceo 7)6, ^ 
Comparative Example S^tYo^Cso.^ogCeo 7 }0 2 . y 

'SET?" f X8m 2 e * {(Y6sCSo 5)0 -rfCWIwA sK> 125 
Comparafcve Example 5: {(Yo.sCso^C^Li,, s)o 7 }0 2 . y 
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Comparative Example 6: {(Sm 0 3 Cs 0 7)o.3 Ce o.7}°2-y 
Comparative Example 7:{(Sm 0 5 Cso. 5 )o.5(Ceo .67 u o.33)o s}°i .25 

However, the oxygen number in each of the above formulas is the value calculated from the balance of the pos- 
ofc^parative Examp.es 1 and 4 were composed of a fluorite single phase. How^eMhe products 

in Ta ?rririin n to the oresent invention it is possible to provide a fluorite structure type ceria type solid electrolyte which 

cies ano I exceHem in reducing resistance. Therefore, it is very useful also for industna. purposes. 
Claims 

1. A defective fluorite structure type solid electrolyte of the following formula (1): 

{(Mi-aAaJxCen.xJOs-y (1) 

wherein M is a trivalent rare earth element other than Ce. A is a monovalent alkali metal or a bivalent alkaline earth 
metal, and a. x and y are 0<a<0.6. 0.2<x<0.5 and 0<y<0.55. respectively. 

2. A defective fluorite structure type solid electrolyte of the followmg formula (2): 

{(M«A a ) x Ce 1 . x )02. y (2) 

wherein M is a trivalent rare earth element other than Ce. A is a monovalent alkali metal or a bivalent alkaline earth 
metal, and c a. x and y are 0.4«x<1 . 0<a<0. 1 . 0.2<x<O5 and 0<y<0*6, respect^. 

3. A defective fluorite structure type solid electrolyte of the following formula (3). 

{(Mi- a Aa)x(Cei.bB b )i.x}02. y (3) 

wherein M is a trivalent rare earth e.ement other than Ce. each* 'A and Bis a ^J^^^ST 
alkaline earth metal, provided A*B. and a. x. b and y are 0<a<0.6, 0< 1<x<0.4 0<b<0.4 and 0<y<0.8. respecftvely. 

4. A defective fluorite structure type solid electrolyte of the followmg formula (4): 

KM a A a ) x (Ce p B b ) 1 . x }0 2 . y W 

wherein M is a trivalent rare earth element other than Ce. each of A and B is a monovalent alkali metal a ■ . bivalent 
Se earth metal, provided that A* and a. a. x. p. b and y are 0.4<«<1 . 0<a<0.1 . 0.1 <x<0.4. 0.6<p<1 . 0<b<0.1 

45 TiSS^SS! Structure type solid electrolyte according to any of claims 1 to 5. wherein M is an element 
having an ionic radius within a range of from 97 to 120 pm in eightfold coord.nat.on 
7 The defective fluorite structure type solid electrolyte according to any of dams 1 to 6. wherem M .s Y. 

SO 
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